Resolving Ultrafast
Dynamics With X-Rays



How fast?

* Time resolution of ~100 femtoseconds is
necessary to measure atomic motion in lattice

vibrations (phonons), melting , and solid-solid
phase transitions

* This is also roughly the timescale of the

transfer of energy from excited electrons to
the lattice (thermalization)

e Electron excitations happen on the order of fs



X-ray Source Timescales

* Synchrotron
— ~100 ps x-ray pulse, one pulse every ~150 ns (APS)

* Free electron laser (FEL)
— ~100 fs x-ray pulse, one pulse every 8.3 ms (LCLS)

* Pump-probe measurements
— ~100 fs IR laser pulse

— Synchronization within a few ps of the pulses is
accomplished by “locking in” the repetition rates



Shorter Pulses: Slicing

* A ~50fs IR laser pulse modulates the energy of
a “slice” of the electron bunch, which is then
spatially separated by a bending magnet.
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Shorter Pulses: Slicing

* The resulting x-ray pulse is ~100fs
* The pulse intensity is 10* of the total radiation

* Intensity can be improved by using a higher
repetition rate for the laser



Pump-probe Synchronization:
Electro-Optic Sampling

* Acrystal (e.g. ZnTe) is placed near the electron
bunch as it passes through the accelerator.

 The large electric field of the bunch produces

a temporary change in the index of refraction
of the crystal.

* An IR laser passing through the crystal will
have its polarization changed as the bunch
passes



Pump-probe Synchronization:
Electro-Optic Sampling
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Pump-Probe Correlation:
Fluorescence of lonized Gas
* A laser pulse ionizes Kr to Kr*, which opens a

new, distinct fluorescence channel
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Pump-Probe Correlation:
Fluorescence of lonized Gas
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Pump-Probe Correlation:
Fluorescence of lonized Gas
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FIG. 3. (Color online) Cross-correlation data for hybrid fill {solid circles, 10
sfch) and 24-bunch mode (open circles, 20 sfch). A background from neu-
trals (~10) was subtracted. The solid curves are the cumulative integral of
the respective x-ray pulse profiles from streak camera measurements.

Krassig, et al 2009, APS



Pump-Probe Correlation:
Fluorescence of lonized Gas

This ionization takes only tens of fs and lasts
for tens of ns, more than enough time to clock
the ~100 ps x-ray pulse

The main limiting factor is the jitter in the
pulse frequency, ~5 ps

This technique could be applied to FEL pulses
of hundreds of fs.

Limited to resonance energies of the gas



Example: Bismuth

* Pump-probe experiment at the Sub-Picosecond
Pulse Source at SLAC

* 50nm thin film of bismuth hit with 70fs IR laser
pulse to excite electrons, which modifies the
interatomic potential

* A 100fs x-ray pulse probes the response of the
lattice at the (111) Bragg peak.



Example: Blsmuth

Fig. 1. Bismuth (111) x-ray diffraction
efficiency as a function of time delay
between the optical excitation pulse and
x-ray probe for excitation fluences of 0.7
(green), 1.2 (red), 1.7 (blue), and 2.3
m)/cm? (gray). The zero-delay point was
set at the half maximum of the initial
transient drop. The inset displays the
optical phonon frequency as a function
of the normalized atomic equilibrium
position along the body diagonal of the
unit cell x as measured by x-ray diffrac-
tion. The dotted curve represents the
theoretical prediction obtained from DFT
calculations of the excited-state potential-
energy surface (10).
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After ~20 ps, the Bragg angle began to shift, a result of
strain stretching the unit cell

Fritz, Reis, et al 2007, SPPS



Example: Ga-As

* Pump-probe experiment at APS

* 1.5 um thick (001) Al, ;Ga, ;As layer grown on
(001) bulk GaAs

e X-rays can resolve the alloy Bragg peak from
the bulk peak

* The film is transparent to an IR laser, which,
when absorbed by the bulk, generates a
phonon which propagates through the film



Example: Ga-As
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FIG. 4 (color online). Time and angle resolved x-ray diffrac-
tion from the Aly3Gay-As film showing the propagation of a
short acoustic pulse that was generated in the GaAs substrate.
Experimental data are on the left and a simulation in which strain
1s incorporated into dynamical diffraction theory is on the right.
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Who Is et al.?

ETAL.'S WORK IS REFERENCED IN DIVERSE
journal articles demonstrating technical and
research abilities that cross many scientific
fields. Et al. does work in AIDS research, can-
cer discoveries, diabetes, geology, anthropol-
ogy, astrophvsics, and even in research on a
worm called C. elegans. How does et al. do 1t?
[ could benetit from having ef al. as my next
mentor. But who 1s ef al.? If ef al. 15 a professor
at a unrversity, what does ef al. teach? With all



the work et al. has published, maybe I can find
et al.’s contact information by researching the
patent and trademark office. To my surprise, [
find no et al. listed on any patents or trade-
marks. | guess ef al. wants all the work to
remain in the public domain. Now [ know I
must have ef al. as my next mentor, even if ata
distance. Mavbe [ can find ef al.’s contact infor-
mation on an NIH-sponsored research project.
Amazingly, NIH has not funded projects under
et al.’s name, Et al. has more than 10,000 publi-
cations on a myriad of topics, so why is that not
impressive (or sufficiently interdisciplinary)
enough to receive funding? Does et al. lack
focus in the eves of peer reviewers? Are ef al. s

projects too ambitious for peer reviewers to
fund? [ did notice that er al.’s author lines are
generally fourth or sixth. Is the lack of first
authorship the reason ef al. does not receive
government-sponsored funding? It is not that et
al. 18 an author in all those papers only because
of supplying key reagents or involvement in
patient care. The days of automatic authorship
as the reward for providing key components to
a project are over; such individuals are now
consigned to the acknowledgment section,
[ e-mailed my former professors to see if they
know et al., but so far, [ have not received a
reply. Does anyone know where to find ef al.”
RICHARD MCDONALD



